Cadherins are a superfamily of Ca 21 -dependent cell surface glycoproteins that play a morphogenetic role in a wide variety of developmental processes. They provide a code of potentially adhesive cues for layer formation in mammalian cerebral cortex. One of the animal models used for studying corticogenesis is the reeler mouse. Previous investigations showed that radial neuronal migration is impaired in this mutant, possibly resulting in an inversion of cortical layers. However, the extent of this ''outside--in'' cortical layering remains unclear. In the present study, we investigated the mRNA expression of cadherins (Cdh4, Cdh6, Cdh7, Cdh8, Pcdh8, Pcdh9, Pcdh11, Pcdh17, and Pcdh19) in the cerebral cortex of wild-type (wt) mice and reeler mutants. All cadherins show a layer-specific expression profile in wt mice, but, in reeler cortex, cadherin-expressing cells are distributed widely across the radial dimension. The altered layering in reeler mutants completely disrupts the radial expression of cadherins, which is more patchy, rather than laminar. Regionalized gradient-like expression of cadherins is preserved. Our findings are compatible with a model, in which the ubiquitous dispersion of cadherinexpressing cells results from a dysgenesis of radial glial cells and a misrouting of migrating neuroblasts.
Introduction
The mammalian cerebral cortex is a highly ordered structure, arranged in 6 cellular layers. These layers are generated in an inside--out fashion, with early-born neurons located in the deep layers and late-born neurons in the superficial layers (Angevine and Sidman 1961; Rakic and Caviness 1995; Takahashi et al. 1999) . To generate this inside--out pattern, cortical cells migrate radially by somal translocation followed by tangential locomotion (Rakic 1972; Nadarajah et al. 2001) . The molecular signals that regulate the interaction between migrating cells and their environment have been studied during the last years (for a review, see Marin and Rubenstein 2003) . One pathway regulating radial migration involves the extracellular matrix protein Reelin (Dulabon et al. 2000; Tissir and Goffinet 2003) . Mutations in the Reelin gene cause a disruption in neuronal migration, for example, in the cerebral cortex, hippocampus, and cerebellum (for reviews, see Lambert de Rouvroit and Goffinet 1998; Rice and Curran 2001; D'Arcangelo 2006) . Similar phenotypes have been found in the mouse mutants yotari and scrambler, in which disabled-1, another component of the Reelin signaling pathway, is disrupted (Sweet et al. 1996; Sheldon et al. 1997; Ware et al. 1997; Yoneshima et al. 1997; Kojima et al. 2000) .
In the neocortex of the reeler mutant, the initial formation of the preplate proceeds normally. Cortical neurons that are generated in the ventricular zone, however, fail to invade the preplate. Consequently, the subplate remains adjacent to the marginal zone and a ''superplate'' is formed (Caviness 1982) . As a result, inverted cortical layers are formed (Caviness and Sidman 1973; Kubo and Nakajima 2003; Tissir and Goffinet 2003) . However, Caviness (1982) noted an increased scatter of cells in an overall reversed lamination. Pinto Lord and Caviness (1979) described a mixed population of projection neurons with aberrant neurite orientations. Some researchers even claimed that cortical layering is disturbed in the reeler mutant (for a review, see Hamburgh 1963; Katsuyama and Terashima 2009) or even replaced, at least in part, by a patchy type of gray matter architecture (Ichinohe et al. 2008) .
In the present study, we focused on the expression of a family of adhesion molecules, the cadherins, which are markers for the layers of cerebral cortex, as shown previously for the ferret visual cortex ). Cadherins can be divided into several subfamilies like classic cadherins, desmosomal cadherins, protocadherins, and Flamingo cadherins (for reviews, see Nollet et al. 2000; Hirano et al. 2003) . Cadherins show distinct, spatially restricted expression patterns in the developing and mature vertebrate brain and are markers for functional brain regions and neural circuits. They play a role in multiple developmental processes, including gray matter differentiation, axon pathfinding, target recognition, and synaptogenesis (for reviews, see Redies 2000; Takeichi 2007 ). In cerebral cortex, some cadherins have been used as markers for cortical regions in genetically altered mice (Cdh6, Cdh8, Cdh11, Miyashita-Lin et al. 1999; Nakagawa et al. 1999; Rubenstein et al. 1999; Bishop et al. 2000) .
To determine in detail how the layer-specific expression of cadherins is perturbed in different cortical regions of the reeler mutant mouse, we studied the effect of the reeler mutation in 3 cortical regions (cingulate cortex, motor cortex, and primary somatosensory cortex) by comparing the expression of 9 different classic cadherins and d-protocadherins in the reeler mutant mouse and wild-type (wt) littermates, both in the mature cerebral cortex and during corticogenesis (at embryonic day 18 [E18] and at postnatal day 5 [P5]).
Materials and Methods

Animals
Homozygous (reln/reln; -/-) mice and their wt (+/+) littermates from the B6C3Fe a/a-Reln strain (Jackson Laboratories) were used for this study. Two embryos at E18, 4 pups at P5 (day of birth was defined as P0), and 10 adults were studied each for -/-and +/+ mice. The animals were obtained from a colony maintained at the animal facilities of the University of Jena School of Medicine. All experimental procedures were in accordance with current versions of institutional regulations and national laws on the use of animals in research. Efforts were made to minimize animal suffering and to use only the number of animals necessary to produce reliable scientific data. Mice were genotyped by reverse transcription--polymerase chain reaction analyses after tail biopsies, as described by D'Arcangelo et al. (1996) .
cRNA Probe Synthesis
The digoxigenin (DIG)-labeled or fluorescein-labeled antisense and sense cRNA probes were synthesized in vitro by using the plasmids listed in Table 1 . Nonradioactive cRNA probes were produced for every cadherin and protocadherin with the DIG RNA Labeling Kit or the Fluorescein (Fluo) RNA Labeling Kit (Roche Diagnostics) according to the manufacturer's instructions. The linearized plasmids were transcribed with T7 or SP6 RNA polymerase (New England Biolabs) or T3 RNA polymerase (Roche Diagnostics), followed by labeling with DIG or fluorescein to generate sense and antisense probes. Probes were purified by using Quick Spin Columns (Roche Diagnostics). Correct probe size was verified by formaldehyde agarose gel electrophoresis.
Staining of Sections
To obtain series of sections, dissected brains from adult mice were fresh frozen by immersion in 2-methyl butane chilled with dry ice to about -40°C and stored at -80°C until sectioning. Brains from E18 embryos and P5 pups were fixed in 4% formaldehyde in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid-buffered salt solution (pH 7.4) supplemented by 1 mM CaCl2 and 1 mM MgCl2. (HBSS) overnight on ice on a rocking platform. Fixed brains were incubated for several hours each in a graded series of sucrose solutions (12%, 15%, and 18% w/v sucrose in HBSS). Specimens were embedded in Tissue Tec O.C.T. compound (Science Services), frozen in liquid nitrogen, and stored at -80°C.
For sectioning, frozen brains were mounted onto the cutting stage of a refrigerated microtome (Cryo-Star HM560; Microm International) by Tissue Tec O.C.T. compound; 20-lm-thick frontal sections were cut and thawed directly onto SuperFrost plus slide glasses (Menzel). As described previously , adjacent sections were counterstained with thionin in each series for neuroanatomical orientation.
In Situ Hybridization
For in situ hybridization, a previously published protocol was followed , as modified by Hertel et al. (2008) . For wt and mutant mice, series of consecutive sections were hybridized in situ with antisense and sense RNA probes for Cdh4, Cdh6, Cdh7, Cdh8, Pcdh8, Pcdh9, Pcdh11, Pcdh17, Pcdh19, ER81, Tbr-1, and Cux-2. In brief, sections were fixed in 4% formaldehyde in phosphate-buffered saline (PBS) and pretreated with 1 lg/ml proteinase K (Sigma-Aldrich) and 0.25% acetic anhydride/PBS at room temperature. Sections were hybridized overnight at 70°C with 0.5--1 lg/ml cRNA probe in hybridization solution (50% formamide, 10 mM ethylenedinitrilotetra acetic acid, disodium salt dihydrate (EDTA), 33 saline sodium citrate buffer (SSC), 13 Denhardt's solution, 10% dextran sulfate, 42 lg/ml yeast tRNA, and 42 lg/ml salmon testis DNA). After posthybridization washing steps (53 SSC and 50% formamide/23 SSC at 60°C for 40 min) and removing unbound cRNA (20 lg/ml RNase A), sections were incubated with alkaline phosphatase--coupled antidigoxigenin Fab fragments (Roche Diagnostics) at 4°C overnight. For visualization of the labeled mRNA, sections were incubated with a solution containing 0.03% nitroblue tetrazolium salt (Fermentas) and 0.02% 5-bromo-4-chloro-3-indolyl phosphate, p-toluidine salt (Fermentas) as substrates.
Double-Labeling In Situ Hybridization
For double-labeling in situ hybridization, the above in situ hybridization protocol was modified in the pre-and posthybridization steps. After fixation in 4% formaldehyde/PBS, sections were pretreated with 1 lg/ ml proteinase K (Sigma-Aldrich) and 0.25% acetic anhydride in 0.1 M triethanolamine at room temperature. Sections were hybridized with a mixture of both DIG-and fluorescein-labeled cRNA probes at a concentration of about 1 lg/ml each overnight at 70°C in hybridization solution (50% formamide; 1 mM EDTA; 10 mM Tris, pH 7.5; 0.6 M sodium chloride; 0.25% SDS; 10% dextran sulfate, 13 Denhardt's solution, 200 lg/ml yeast tRNA). Sections were then washed with 53 SSC and 50% formamide/13 SSC at 60°C for 30 min. To remove unbound cRNA, 20 lg/ml RNase A (Sigma-Aldrich) was used. After blocking with 5% heat-inactivated sheep serum (SigmaAldrich) and 2% blocking reagent (Roche Diagnostics) in 13 maleic acid buffer supplemented by 0.1% Tween-20 (MAB-T), sections were incubated for 4 h with alkaline phosphatase--coupled anti DIG Fab fragments (Roche Diagnostics) at room temperature, to detect DIGlabeled mRNA, followed by incubation with a solution containing 0.03% nitroblue tetrazolium salt (NBT; Fermentas) and 0.03% 5-bromo-4-chloro-3-indolyl phosphate, p-toluidine salt (BCIP; Fermentas) as substrates. Subsequently, sections were fixed in 4% formaldehyde/ PBS, blocked again in 5% heat-inactivated sheep serum and 2% blocking reagent in 13 MAB-T and incubated overnight with alkaline phosphatase--coupled anti-fluorescein Fab fragments (Roche Diagnostics) at 4°C
. To visualize the fluorescein-labeled mRNA, sections were incubated with a solution containing 0.1 mg/ml Fast Red chromogen (Roche Diagnostics), 0.025 mg/ml naphthol substrate (Roche Diagnostics), and 0.02 mg/ml levamisole (Roche Diagnostics).
Immunohistochemistry
Sections were postfixed in an ice-cold solution of 4% formaldehyde/ HBSS for 20 min and then washed in Tris-buffered saline (TBS; containing 1 mM CaCl 2 , 1 mM MgCl 2 , pH 7.4). To block endogenous peroxidase activity, sections were treated with 0.3% H 2 O 2 in methanol for 30 min. Nonspecific binding of antibodies was blocked by incubating the sections with 5% skim milk in TBS (blocking solution) for 30 min. Rat monoclonal antibody against antineural cell adhesion molecule L1 (clone 324, protein A purified, catalog number MAB5272, lot number LV1640435; Millipore) was appropriately diluted in blocking solution (1:1000). The primary antibody was applied overnight at 4°C
, followed by incubation of the sections with biotinylated goat-anti rat secondary antibody (1:300; catalog number 112-065-167; Jackson ImmunoResearch) for 30 min at room temperature and the avidinbiotin horseradish peroxidase complex (Vectastain Elite ABC Kit; Vector), each dissolved in blocking solution. To visualize antibodies, sections were treated with a solution of 0.03% 3,3-diaminobenzidine tetrahydrochloride, 0.04% nickel chloride, and 0.01% peroxide in TBS as a substrate. The sections were dehydrated in an ascending ethanol series, cleared in xylenes, and mounted in Entellan (Merck).
Photomicrograph Production
Digital photomicrographs of the sections were taken either with a light transmission microscope (BX40; Olympus) and a digital camera (DP70, Olympus) or under a confocal laser scanning microscope (SP5; Leica Microsystems). Images were adjusted in contrast and brightness for optimal display of the staining patterns by using the Photoshop software (Adobe Systems). To produce the merged images displayed in Figure 6 , the staining patterns were pseudocolor coded. In Figure 7 , the NBT/BCIP in situ hybridization signal was digitized and converted to green color by a computer. For the identification of the different areas of the cortex, atlases of the adult mouse and rat brain were consulted (Paxinos and Watson 1998; Paxinos and Franklin 2001) . The nomenclature and the abbreviations of the atlas by Paxinos and Watson (1998) were followed.
Results
As previously shown for the ferret visual cortex ), our results demonstrate that each layer of cerebral cortex in the adult mouse is characterized by the expression of a subset of cadherins. Vice versa, expression of each cadherin is more or less restricted to specific cortical layers. In general, this layer-specific expression pattern is largely abrogated in the cerebral cortex of the reeler mutant mouse; instead, cells that express a given cadherin are rather ubiquitously distributed across the radial dimension. In the following sections, we will describe the expression pattern of the classic cadherins and the d-protocadherins in detail for the 3 cortical areas investigated (primary somatosensory, motor, and cingulate). To confirm that the reeler mutant mice studied by us display a cerebral cortical phenotype that is comparable to that of earlier studies, we mapped the expression of 3 well-established layer-specific markers (Supplementary Figs S1 and S2) . The expression patterns obtained by us were identical to results published previously for ER81 (compare to Supplementary 
Layer-Specific Expression in +/+ Primary Somatosensory Cortex Contrasts with Scattered Expression in -/-Cortex of Adult Mice
The primary somatosensory cortex (SI) consists of the 6 layers typical of neocortex. In +/+ littermates, each layer of the adult cortex displays cadherin expression, except for layer I, which lacks neuronal perikarya in the mature brain. Most cadherins are expressed in layers II and III, for example Cdh6 (Fig. 1C) , Cdh8 (Fig. 1E) , and Pcdh8 (Fig. 1F) . Although the border between layers II and III is poorly demarcated in Nissl stains (Fig. 1A) , layer II can be discerned by its more prominent Results were obtained with cRNA probes for Cdh4 (B and B#), Cdh6 (C and C#), Cdh7 (D and D#), Cdh8 (E and E#), Pcdh8 (F and F#), Pcdh11 (G and G#), Pcdh17 (H and H#), and Pcdh19 (I and I#). To facilitate the identification of cortical layers, a thionin (Nissl) stain of an adjacent section is shown for wt (A) and homozygous reeler mice (A#), including a schematic diagram of the layers of wt primary somatosensory cortex in (A). The arrowheads in (E) point to the Cdh8-positive septa between the barrels in layer IV. Arrowheads in (H) point to Pcdh17-positive perikarya adjacent to the WM. I--VI, cortical layers; d, dorsal; l, lateral; m, medial; v, ventral. Scale bar in (A#) 5 500 lm (applies to A--I#).
Cerebral Cortex May 2011, V 21 N 5 1107 expression of Cdh4 and Pcdh19 (Fig. 1B,I ). A characteristic feature of SI in rodents is the barrel field in layer IV, which shows strong signal for several cadherins (Gil et al. 2002 ). An example is shown for Cdh8 (arrowheads in Fig. 1E ) in the adult SI and for Pcdh9 (arrowheads in Fig. 4G ) in the P5 SI. The signal is more prominent in the septa than in the barrels for these cadherins. The deep part of layer IV is positive for Pcdh19 (Fig. 1I) . Most of the investigated d-protocadherins are expressed in layer V, except for Pcdh19. Pcdh8 (Fig. 1F) is only expressed in neurons of the superficial part. Few perikarya Figure 2 . Adjacent frontal sections through adult cingulate and motor cortex are shown for wt (C--K) and reeler (reln; C#--K#) mice. Results for in situ hybridization with cRNA probes for Cdh4 (C and C#), Cdh6 (D and D#), Cdh7 (E and E#), Cdh8 (F and F#), Pcdh8 (G and G#), Pcdh9 (H and H#), Pcdh11 (I and I#), Pcdh17 (J and J#), and Pcdh19 (K and K#). A schematic overview for wt of the anatomical structures present at this section level is given in (A). To identify the different anatomical parts and the cortical layers, a thionin stain of an adjacent section for wt and for reeler is shown in (B and B#), respectively. The asterisk in (E) indicates an artifact. I--VI, cortical layers; cc, corpus callosum; Cdh, cadherin; Cg, cingulate cortex; cg, cingulum; CPu, caudate putamen; d, dorsal; ec, external capsule; IG, indusium griseum; l, lateral; LV, lateral ventricle; M, motor cortex; m, medial; Pcdh, protocadherin; Thio, thionin; v, ventral. Scale bar in (K#) 5 500 lm (applies to B--K#).
of the deeper part of layer V are positive for Pcdh11 (Fig. 1G) and Pcdh17 (Fig. 1H) . Cdh7 (Fig. 1D) is the only classic cadherin that is expressed in layer V. Cadherin expression in layer VI is similar to that in layer V. All the d-protocadherins are expressed in this layer. Neurons in the deep part of layer VI express Pcdh19 (Fig. 1I) . Perikarya directly adjacent to the white matter (WM in Fig. 1A) show moderate signal for Cdh6 (Fig. 1C) and strong signal for Pcdh11 (Fig. 1G ) and Pcdh17 (arrowheads in Fig. 1H ).
In homozygous adult reeler (-/-) mice, cadherin-expressing cells do not form layers in SI (Fig. 1A#--I#) . For example, Cdh4 (Fig. 1B#) , Cdh7 (Fig. 1D#) , Pcdh8 (Fig. 1F#) , and Pcdh19 (Fig. 1I#) , which are restricted to particular layers in the +/+ mice, are scattered between WM and the pial surface. Only Pcdh11 shows a preferential distribution of positive cells in the upper cortical layers (Fig. 1G#) . Most cadherins are not expressed in perikarya directly beneath the pial surface, except for Cdh6, Pcdh11, Pcdh17, and Pcdh19 (Fig. 1C#,G#,H#,I#) , which are expressed in deep layer VI in wt mice (see above).
Expression in Motor and Cingulate Cortex of the Mature Brain
The motor cortex and the cingulate cortex also show a layerspecific expression profile in +/+ mice (Fig. 2B--K) . In both cortical areas, the expression profiles roughly resemble those observed in SI. For example, Pcdh8 (Fig. 2G ) and Pcdh19 (Fig. 2F) . Subsets of perikarya in layer V show signal for Cdh6 (Fig. 2D) , Cdh7 (Fig. 2E) , and Pcdh8 (Fig. 2G) , respectively. The deep parts of layers IV and VI show signal for Pcdh19 (Fig. 2K) . Mainly in the deep part of layer V, Pcdh17 expression is detectable in both areas (Fig. 2J) . Cdh4 (Fig. 2C) is expressed in layer VI. A closer inspection reveals differences in the expression profiles between motor and cingulate cortex. For example, Cdh4 and Cdh8 display a mediolateral gradient of expression in layer V and layers II--IV, respectively (Fig. 2C,F) . Cdh6 signal is weak in layer II perikarya of cingulate cortex but stronger in both layers II and III in the motor cortex (Fig. 2D ). Pcdh17 shows signal in layers II and III of cingulate cortex but not of motor cortex (Fig. 2J ). For Pcdh19, there is a mediolateral expression gradient in layers II, IV, and VI (Fig. 2K) .
Like in SI, cadherin-expressing cells are distributed across the entire radial dimension in motor and cingulate cortex of adult -/-mice. Expression gradients that are similar to the ones described above for +/+ mice are also observed in -/-mice (Fig. 2C# ,D#,F#,J#,K#).
The schematic summary diagram (Fig. 3) of the various cadherin expression patterns in +/+ and -/-adult dorsolateral cortex confirms that the layer-specific cadherin expression profiles observed in +/+ cortex are replaced by cadherin expression that is scattered across the radial dimension in -/-cortex.
Expression Patterns in the Developing Cerebral Cortex
To study whether the radial dispersion of cadherin-expressing cells in reeler (-/-) mice occurs after cortical layers have formed or during corticogenesis, we next analyzed the cortical expression of the same cadherins at a postnatal stage (P5; Figs 4--7), when cortical layer formation has just been completed in wt (+/+) mice, and at an embryonic stage (E18; Fig. 8 ), when layer formation is still incomplete.
Postnatal Day 5
Figures 4 and 5 show cadherin expression in SI, cingulate cortex and motor cortex of +/+ and -/-mice. In general, the layer-specific expression profiles of all cadherins are conserved between P5 and the adult in all 3 cortical areas with the exception of Pcdh8 (Fig. 4F) and Pcdh19 ( Figs 4I and 5H ). Pcdh8 expression in the P5 +/+ somatosensory cortex is more compact in layers II/III (Fig. 4F ) compared with the scattered expression pattern in adult ( Figs 1F and 3C ). In the mutant (-/-) SI cortex, Pcdh8-positive perikarya are more numerous at P5 (Fig. 4F# ) than in the adult (Figs 1F# and 3C) . Finally, layer IV in Figure 4 . Expression mapping of cadherins in the primary somatosensory cortex of wt mice (A--I) and of homozygous reeler mice (reln; A#--I#) in series of adjacent sections at P5. Results were obtained with cRNA probes for Cdh4 (B and B#), Cdh6 (C and C#), Cdh7 (D and D#), Cdh8 (E and E#), Pcdh8 (F and F#), Pcdh9 (G and G#), Pcdh17 (H and H#), and Pcdh19 (I and I#). To facilitate the identification of cortical layers, a thionin (Nissl) stain of an adjacent section is shown for wt (A) and homozygous reeler mice (A#). In (G), the arrowheads indicate the septa between the barrels. I--VI, cortical layers. Scale bar in (I#) 5 250 lm (applies to A--I#).
motor cortex shows strong expression for Pcdh19 at P5 (Fig. 5H) . A distribution of these Pcdh19-positive perikarya in layers II and IV, as observed in the adult (Fig. 2K) , is not found postnatally. For Pcdh8 and Pcdh9, positive cells show stronger signal and/or are more numerous at particular radial positions in P5 -/-cortex compared with adult -/-cortex. However, this stratification is not compatible with an inversion of cortical layers at P5. Pcdh8 is strongly expressed in layers II/III of +/+ SI cortex at P5, and in the superficial half of cortex in -/-mice (Fig. 4F,F#) . Pcdh9 is more prominently expressed in the deeper strata of SI cortex both in +/+ mice and in -/-mice (Fig. 4G,G#) .
Patch-Like Gray Matter Architecture in reeler (-/-) Cerebral Cortex
In -/-SI cortex, neurons positive for some cadherins are not evenly distributed but form patchy aggregates of various sizes. In the figures, this is most evident for Cdh6 at P5 and in the adult (Figs 1C# and 4C#) , for Pcdh8 at P5 (Fig. 4F#) , and for Pcdh19 at P5 (Fig. 4I#) . Similar patches of cadherin-positive cells are found in the motor and cingulate cortex of -/-mice, for example for Pcdh8 at P5 (Fig. 5F# ) and in the adult (Fig. 2G#) . To check if the patches or the spaces between the patches can be attributed to fiber fascicles, we compared cadherin expression profiles with immunostaining results for a marker of fiber fascicles (L1; Fig. 6 ; Godfraind et al. 1988; Chung et al. 1991 ). L1 immunostaining is especially prominent in layer IV, which receives thalamic afferents (Fig. 6B,H) . Cdh6 shows strong expression in layer III and in the deeper part of layer IV in +/+ cortex (Fig. 6A,C) . In -/-cortex, there are Cdh6-positive patches that express L1 and Cdh6-positive patches that do not express L1 (Fig. 6D--F) . The Pcdh8 staining is complementary to the L1 immunostaining in both +/+ cortex and -/-cortex (Fig. 6G--L) . In wt, layers II/III and V are Pcdh8 positive (Fig. 6G,I ), whereas L1 labels mainly layers IV and VI (Fig. 6H,I ). In -/-mice, patches positive for Pcdh8 are not colocalized with the L1 immunostaining (Fig. 6J--L) .
To visualize the spatial relationship between the cadherin expression patterns, double-label in situ hybridization was performed (Fig. 7) . Interestingly, the pair Cdh6/Cdh8, which exhibits a roughly complementary distribution pattern in +/+ cortex, shows a complementary expression profile also in -/-cortical aggregates (Fig. 7A--F) . Pcdh8 and Pcdh19 display complementary staining patterns in +/+ SI, also in layer V Figure 5 . Adjacent frontal sections through P5 cingulate and motor cortex are shown for wt (B--H) and reeler (reln; B#--H#) mice. Results for in situ hybridization with cRNA probes for Cdh4 (B and B#), Cdh6 (C and C#), Cdh7 (D and D#), Cdh8 (E and E#), Pcdh8 (F and F#), Pcdh17 (G and G#), and Pcdh19 (H and H#). To identify the different anatomical parts and the cortical layers, a thionin stain of an adjacent section for wt and for reeler is shown in (A) and (A#), respectively. I--VI, cortical layers; cc, corpus callosum; Cdh, cadherin; Cg, cingulate cortex; ec, external capsule; M, motor cortex; Pcdh, protocadherin; and Thio, thionin. Scale bar in (A) 5 250 lm (applies to A--H#).
Cerebral Cortex May 2011, V 21 N 5 1111 (Fig. 7G--I) . Likewise in the -/-cortex, there are no overlapping patches (Fig. 7J--L) . Regionalization in the cingulate and motor cortex is not affected in -/-cortex for Cdh6/Cdh8 (Fig. 7M--R) . Complementarity of expression and regional expression gradients are also preserved for Pcdh8/Pcdh19 in -/-cingulate cortex (Fig. 7S--X) . The minor differences in the expression patterns between conventional and fluorescent double-labeling results are likely caused by a lower sensitivity of the fluorescent double-labeling procedure (e.g., compare Pcdh19 expression in upper cortical layers; Figs 4I and 7H). Figure 8 displays cadherin expression patterns in the developing cortex at E18. Cdh4 is expressed in the ventricular and subventricular zone in +/+ and -/-mice (Fig. 8B,B#) . Noteworthy, Cdh4 demarcates the border between cortex and caudoputamen in +/+ and -/-mice (arrowheads in Fig. 8B,B#) . Cdh6 (Fig. 8C,C#) , Cdh8 (Fig. 8D,D#) , and Pcdh8 (Fig. 8E,E#) are also expressed in the cortical plate. The compact expression pattern of Cdh6 in +/+ mice (Fig. 8C) is disrupted in -/-cortical plate (Fig. 8C#) at positions where fiber fascicles traverse the cortical plate. Similar results are obtained for Cdh8 (Fig. 8D#) and Pcdh8 (Fig. 8E#) . For Pcdh8, staining intensity is more prominent in reeler than in wt (Fig. 8E,E#) .
Embryonic Day 18
Discussion
Layer-Specific Cadherin Expression in wt Cortex
It has been proposed previously that cadherins provide an adhesive code for developing brain structures, neural circuits, and synapses (for reviews, see Redies 2000; Hirano et al. 2003; Takeichi 2007) . In the present study, we show that each of the 9 cadherins studied exhibits a unique, spatially restricted expression pattern in neocortical layers of the adult mouse, although partial overlap between the cadherins is observed. Vice versa, each layer of cerebral cortex is characterized by the expression of a subset of cadherins. The cadherin-based code for specifying cortical laminae is probably a combinatorial one because each lamina is characterized by the expression of multiple cadherins. Although we show results only for 3 cortical regions (somatosensory, motor, and cingulate cortex), similar results were obtained for other cortical regions in the mouse Suzuki et al. 1997; Korematsu and Redies 1997a; Kim et al. 2007 ; our unpublished work), in ferret visual cortex ), and in other layered central nervous system structures, for example the vertebrate retina (Wo¨hrn et al. 1998; Faulkner-Jones et al. 1999; Honjo et al. 2000; Etzrodt et al. 2009 ) and the chicken tectum (Wo¨hrn et al. 1999) . A similarly widespread, but regionspecific expression of cadherins has also been described before for brain nuclei Suzuki et al. 1997; Hirano et al. 1999; Redies 2000; Bekirov et al. 2002; Vanhalst et al. 2005; Kim et al. 2007 ) and in patch/matrix type of gray matter architecture (Heyers et al. 2003; Hertel et al. 2008 ) of the vertebrate brain.
Loss of Layer-Specific Cadherin Expression in reeler cortex
In the cerebral cortex of reeler mutants, the expression of each cadherin is not restricted to specific layers, but positive cells are more widely scattered across the entire cortical thickness in somatosensory, motor, and cingulate cortex in the mature and P5 brain. Similar patterns were found in all other cortical regions (our unpublished data). These results suggest that the disorganization of the cortical layers in reeler mouse leads to a disruption of the cadherin expression. In parallel, the histoarchitecture is also rather homogenous (Figs 1A#, 2B#, 4A#, 5A#) . Similarly scattered expression patterns in reeler cortex were reported previously for Fez1 (Inoue et al. 2004) and for Cux2 (Ferrere et al. 2006; Supplementary Figs S1 and S2) that are markers of layer V projection neurons and layer II/III neurons, respectively, in wt cortex. Moreover, several tracing studies have demonstrated that layer V pyramidal neurons are scattered along the radial axis in reeler mutant mice and rat (for a review, see Katsuyama and Terashima 2009) . Despite the scattering of neurons across the radial dimension, we obtained evidence that regionalization is not affected in reeler cortex because the regional prevalence of cells expressing particular cadherins is similar to that observed in wt mice (Figs 2,5, and 7). These results confirm previous studies that showed a preservation of regional specificity in the reeler cortex (Polleux et al. 1998 (Polleux et al. , 2001 . Also, the areal targeting of the superplate by thalamocortical axons in reeler mutants is indistinguishable from that in wt mice (Molna´r et al. 1998) .
Previous findings demonstrated that the subplate markers ER81, Foxp2, and Tbr-1 are found beneath the surface of the reeler and Scrambler cortex (Hoerder-Suabedissen et al. 2009; Dekimoto et al. 2010 ; for ER81 and Tbr-1, see also our Supplementary Figs S1 and S2). Our results for cadherins are compatible with this finding because cadherin subtypes that are expressed in the deep part of layer VI (adjacent to the WM) in wt mice are found at subpial positions in reeler cortex (see The disruption of layer-specific expression of cadherins and other molecular markers in reeler cortex (see above) is surprising because it is generally believed that reeler cortex displays a reverse, outside--in layering (Caviness and Sidman 1973; Caviness 1982 ). This hypothesis is based on a [ 3 H]thymidine birthdating study by Caviness (1982) who showed that early and late-born neurons were unable to ascend through the zone occupied by the preceding cohorts during cortical development. This defect is thought to result in a lamination pattern of the reeler cortex that is inverted in terms of the birthdate of the cohorts of neurons. Later studies described the reeler cortex as nearly inverted with not well-differentiated layers (Kubo and Nakajima 2003; Tissir and Goffinet 2003) . This idea was extended by the notion that early radially migrating neurons are not able to split the preplate due to the lack of Reelin (D'Arcangelo et al. 1995 Ogawa et al. 1995) . Our results on cadherin expression are compatible with an inversion of deep layer VI but not with an inversion of other cortical layers. One possible explanation for this discrepancy is that early cortical neurons change their expression of layerspecific molecular markers after their displacement in reeler cortex, as was observed for early branchiomotor neurons after their migration across the alar/basal plate boundary (Ju et al. 2004) . However, cadherin expression is relatively stable throughout development in most other brain regions (Redies 2000) . Furthermore, although our present work was under review, Dekimoto et al. (2010) published results similar to ours with other molecular markers (ER81, Tbr-1, mSorLa, and RORbeta). Future studies will have to address some of these discrepancies by combining birthdating studies with the mapping of layer-specific genes.
A comparison of cadherin expression in developing and adult cortex does not provide evidence for an initially inverted lamination that is lost later in development. Rather, the observed defect in layering is compatible with an abnormal migration pattern. The processes of radial glial cells, which are crucial for migration of early cortical neurons, are significantly reduced in number and length in reeler cortex (Hartfuss et al. 2003) . Schaefer et al. (2008) demonstrated that Reelin contributes to the elongation of radial glial cells and is essential for neuronal positioning in neonatal ferret cortex. It is therefore conceivable that the scattered distribution pattern of cadherin-expressing neurons results from radial glial malfunction or an abnormal interaction of migrating neuroblast with radial glia. The absence of layer-specific cadherin expression profiles in reeler cortex coincides with a misorientation of the dendritic processes of cortical neurons, which point in various directions (for reviews, see Katsuyama and Terashima 2009; Frotscher et al. 2009 ). In contrast, wt apical processes are arranged in regular arrays that are oriented with respect to the radial dimension. The misdirection of dendritic processes in the reeler cortex may be a consequence of loss of lamination of cadherin-based adhesive cues. Supporting these ideas, N-cadherin was shown to play a role in layerspecific growth cone movement in chicken and Drosophila (Inoue and Sanes 1997; Nern et al. 2008) . Other classic cadherins are involved in the migration of axons (TreubertZimmermann et al. 2002) and of the leading axon of neuroblasts Taniguchi et al. 2006 ).
Cadherin-Mediated Adhesive Properties and Patch Formation
Although cells positive for each cadherin are found throughout all cortical layers, we nevertheless found evidence for typespecific cell sorting: cells that express specific cadherins are often found in clusters. This result suggests that cadherinmediated adhesion and sorting of early neurons in the cortical plate is not completely abolished, as also indicated by previous studies (Ichinohe et al. 2008) .
Interestingly, there is a relation between the molecular marker L1, which labels afferent fiber fascicles in wt layer IV (Chung et al. 1991) , and Pcdh8-expressing cell clusters. Pcdh8, which is not expressed in layer IV, labels L1-negative cell clusters in reeler cortex. Pcdh19, which is expressed in layer IV, labels patches complementary to the Pcdh8 patches (Fig. 6G--L) . Whether the cadherin-expressing cell clusters in reeler cortex retain other properties of wt cortical layers remains to be studied in the future.
Cadherins are differentially expressed in brain structures of the chicken telencephalon and mouse basal ganglia that display a patch-like gray matter architecture (Heyers et al. 2003; Hertel et al. 2008) . The striosomes and surrounding matrix in the mouse basal ganglia can be considered a special case of this type of gray matter architecture . In both structures, as well as in cerebral cortex, there is a relation between adhesive properties and the birthdate of neurons. Interestingly, in mixed cultures of cells from basal ganglia and neocortex, early-born neurons but not late-born neurons Figure 8 . Expression mapping of cadherins in neocortical anlage of wt (A--E) and reeler (A#--E#) mice in series of adjacent sections at embryonic day 18. Results were obtained with cRNA probes for Cdh4 (B and B#), Cdh6 (C and C#), Cdh8 (D and D#), and Pcdh8 (E and E#). To facilitate the identification of layers, a thionin (Nissl) stain of an adjacent section is shown for wt (A) and homozygous reeler mice (A#). Arrowheads in (B and B#) point to the border between the cortex and the caudoputamen. The asterisk in (C#) indicates an artifact. Scale bar in (E#) 5 500 lm (applies to A--E#).
selectively aggregate (Krushel and van der Kooy 1993 ). This result indicates that similar adhesive mechanisms act throughout the telencephalon. It has been proposed that the action of Reelin in the cortical plate plays a crucial role in layer formation (for comprehensive reviews Rice and Curran 2001; D'Arcangelo 2006) . It is therefore noteworthy that, in the absence of Reelin, neocortical gray matter contains patchy aggregates of cells that express cadherins differentially.
Supplementary Material
Supplementary Figures S1 and S2 can be found at: http://www .cercor.oxfordjournals.org/.
